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The Standard Model

Matter is made out of
fermions:

" quarks and leptons

" 3 generations

Forces are carried by
Bosons:

" Electroweak: y,W,Z

" Strong: gluons

H Iggs bOSOﬂ . Three Generations of Matter

" Gives mass to particles

" Not found yet => see
next talk by T. Junk
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Does the Standard Model work?

pro’s:
Is consistent with electroweak precision
data

con’s:

Accounts for only 4% of energy in Universe

Lacks explanation of mass hierarchy in
fermion sector

does not allow grand unification of forces

Requires fine-tuning (large radiative
corrections in Higgs sector) 60

1/a

1/o

Where did all the antimatter go? 50

Why do fermions make up matter and

40
bosons carry forces?

30

20
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2
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Supersymmetry (SUSY)

Standard particles SUSY particles

Higgs

S P
G e LL T
Cuirks 0 Lirplios 0 Fomon partiches Squarks Sleptons g SUSY lorce

parbehes

SM particles have supersymmetric partners:
" Differ by 1/2 unit in spin
(squarks, selectron, smuon, ...): spin O
gauginos (chargino, neutralino, gluino,...): spin 1/2
No SUSY particles found as yet:

® SUSY must be broken: breaking mechanism determines phenomenology

" More than 100 parameters even in “minimal” models!
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What’s Nice about SUSY?

Intfroduces symmetry between A it SUSY
bosons and fermions 0} :
Unifications of forces possible Sl
Dark matter candidate exists: EE i 8
" The lightest neutral gaugino |
" Consistent with cosmology data log (E/GeV)
No fine-tuning required I AAARRAAARAOANIRAS ]
" Radiative corrections to Higgs S ek

80.60 |

acquire SUSY corrections

Cancellation of fermion and
sfermion loops

Also consistent with precision
measurements of My, and M,

" But may change relationship 80.20 |

befween MWI Mfop qnd MH 160 165 170 mEéSEV] 180 185 190
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Sparticle Spectrum
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SUSY Comes in Many Flavors

Breaking mechanism determines phenomenology
and search strategy at colliders
" GMSB:

Gravitino is the LSP
Photon final states likely

" mSUGRA

et
Neutralino is the LSP J
Many different final states heos
" AMSB jet
" Split-SUSY: sfermions very heavy
R-parity

" Conserved: Sparticles produced in pairs
natural dark matter candidate

" Not conserved: Sparticles can be produced singly
constrained by proton decay if violation in quark sector
Could explain neutrino oscillations if violation in lepton sector
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Where to find SUSY?

Now: Tevatron (<2009) [Ldt=1.6 fb! delivered
,\/S=2 TeV Collider Run Il Integrated Luminosity

A
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Weekly Integrated Luminosity (pb™")

0.00

5 15 25 35 45 B2 75 85 95 105115125135145 155165175 185 195 205 215 225 235 245

‘Key parameter: N=0 ¢ det ‘

Tevatron proton-antiproton collider at V's=2 TeV:
" 1 fb! of data taken, 7 fb'' more to come

CDF and D@ experiments operating well
" Data taking efficiency about 85%
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Where to find SUSY?

LHC (2007-2)

Vs=14 TeV

APS, 04/23/06 B. Heinemann 9



7p)
—
O
=
O
<,
+=
&)
-
<
L o
—

iaire.

\

Palan AUK)




Sparticle Cross Sections

| LHC _
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Squarks and Gluinos



Generic Squarks and Gluinos

Squark and Gluino
production:

D@ WKl

" Signature: jets and F,

| * ° °
<l @ Missing Transverse

Energy
PP = 7E(5 =20-7eh) @ [ Jets
........ .
Missing Transverse
Energy

Strong interaction => large
production cross section
" for M(g) = 300 GeV/c2:
1000 event produced

"I Phys.Rev.P 59:074021,1 999

" for M(g) = 500 GeV/c2:

M. +M)/2 (el 1 event produced
APS, 04/23/06 B. Heinemann 13




Missing E; D

IS

tributions

jct
J _ CDF Run Il Preliminary
%J & -m Data (L=371pb")
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‘Dm.k’ %ﬁmon
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: et e F Lo 0
]et ] § L (MZ§UMG:§295 GeV/c?)
. w10 .....
. ity | |
LB | |
Dem = = = L
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jet 50 100 150 200 250 300
Er [GeV]
> A CDF Run Il Preliminary
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et - o Data > [ aco
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- = - 2 W, Z, WW + T + QCD
E 10 \i —Fitted QCD g F mSUGRA
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Squark and Gluino Mass Limits

jet jet Jet
No evidence for excess of K /< ?""<jt
jet et jet c

: | &

events: 600

" D@ excluded gluinos up to __
230 GeV independent of x%":
squark mass: S
Mostly due to 4-jet analysis
" CDF reaches 400 GeV S : S "o MSUGRA
exclusion for m(q)=m(g) et “\\\
Statistical downward Em__ N\
fluctuation - N
Optimised for this region ook
00— y
R
Stop and sbottom quarks
are excluded/negligible in o SSNSSIRSSINSINSSG,

2
analyses M; (GeVic')
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Squarks/Gluinos at the LHC

Squark/Gluino cross sections 1000
times larger than at Tevatron!

" Missing E; + jets excellent discovery
signature

" Long decay chains
lepton signatures also very promising

Discussion on PYTHIA validity:

" Does PYTHIA represent data well
enough?

" |s ALPGEN more realistic?
" |s discovery potential compromised?

APS, 04/23/06 B. Heinemann
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Direct Comparison

LHC Point 2
[ T B B S S S B

E T =
oF = n 4
oL | 3 =10 PYTHIA (TDR)
% gE ? a:::lof sq and gluino ] g ............ ALPGEN (pFEI )
S0 E Doy ererTev E =  SUSY (TDR)
1. oo 2107 | L e SUSY (prel)
s F ° S
%10_ = _D__G_ J LE
%{* :
10 = - = ——
1aF : = N ——_
10 L) 100(}' = Ii-’D{J[J . IE!DIDD I 4000 l 0 :;: ’ ....... ’__.,_
B”{e}=Er+2PT t I _+_
’ ? ATLAS Preliminary U f
e (0 leptons) Zamaniss 1
L ' 05 1 15 2 25 3 35 4
= Y M ./ TeV

Signal changed a lot more
. than the background!!!

Y. ) (noticed by I. Hinchliffe)
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Squarks/Gluinos at the LHC

L] I._-"
Excellent potential: 3 A= tam= 35, 120
= 140w
" Precision data indicate low scale of =
SUSY
1x0m
" Should be found at LHC
= IR R
| === NUHM, 7, = 2.56 | 1000
800 :%E —
I = ] B0
— M Eree==== ]
= = === . i
3 [ E Best Fit! | ] e
S %_ T -
L E == { o
200 g /=516, M, =559, A =600, tanf = 10 _ .
T |
|:| 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 .
0 500 1000 1500 2000 0 i 1000 1500 2000
m,,, [GeV] :
: m, { Ge¥)

hep-ph/0602220: Ellis, Heinemeyer, Olive, Weiglein
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3rd generation Squarks

3rd generation is special: mass could be much lower

Direct production or from
gluino decays: X X

" pp —bb ort 1 ! o~y T i N T <>b
" pp —>gg —bbbb or it o/ * L R P
Decay of sbottom and X
stop:
" b —by° Fe
" Stop depeNnds on mass: ! : ; c ’>w;mt\\§
Heavy: t =39 N ¢ i b
Medil);m:Nt ijXi —~bW5? q /4

Light: T —cx°

APS, 04/23/06 B. Heinemann 19



Sbottom Quarks 6
b
SeleCtlon: > 25: D@ Run Il Preliminary
(L] B
" Two jets, one b-tagged: 2 200 (®)
) N
E,,>15-40 GeV a i
" Missing E;>60-100 GeV : .iiiﬁ?_'_”
" Optimisation of cuts for
different mass regions T
E; (GeV)
Result: o
0 :DQ Run i Preli?'!inary 00 Fun 1l ]
" Data agree well with 3.
background 2 Ny
= 60 ig
" Exclude sbottom masses up o | &/ /
to 200 GeV £l 7
. . o ,-"'.
Depending on neutralino = L./
mass (
00-!: = I50I = I100I = I150 200
Scalar bottom Mass (GeVIcz)
APS, 04/23/06 B. Heinemann 20



Light Stop-Quark: Motivation

If stop quark is light: NS <
" decay via t—bl¥ or q N >m :
t—cy;°
E.g. consistent with
baryogenesis:
" Balazs, Carena, Wagner: T ‘
hep-ph/0403224
" m(t)}-m(%,°)=15-30 GeV/c2
" m(t)<165 GeV/c?

mu=2TaV|

m,, (GeV)

LEP Excluded

m,, (GeV)

APS, 04/23/06 B. Heinemann 21



Stop

@
Selection by D@ ol =
=9 |eptons: eu, U § - DO Preliminary
" Missing E;>15 GeV 'E T
" Topological cuts to suppress 3
background Y
Optimized depending on
mass difference of stop and o @t 10 200 20
sneutrino 10 DO Preliminary__
ReSU “'S “::E 100 _ ?::TEIEE”EI:E
Cut | SM Bg. Obs. O, 90
wn
A 23.0+3.1 |21 g 80
= 70
B 34.6+-4.0 |34 2 . :
C 40.7+-4.4 | 42 E sollV.
70 i i i
E I d £1'ﬂ:,, R B s vt DU PO
xclude stop masses up to m;, 60 80 100 120 140 160 180 200

APS, 04/23/06 B. Heinemann Scalar top Mass [GaWcz]




Charginos and Neutralinos




Charginos and Neutralionos:
= SUSY partners of W, Z, photon,

Higgs

" Mixed states of those

Signature:
" 3 leptons + E/T

" “Golden” signature at Tevatron ~ ,f~ =7~ "

Recent analyses of EWK

precision data:

= J. Ellis, S. Heinemeyer, K. Olive, G.

Weiglein:

" Light SUSY preferred

APS, 04/23/06

hep-ph/0411216

Charginos and Neutralinos

1

B. Heinemann
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New analyses: 3 leptons +E,

Many analyses to maximise e
acceptance: £.l==
" 3 leptons S
" 2 leptons+track "o

2 4 & 8 10 12 14 16 18 20 22

" 2 leptons with same charge tan
Other requirements: ﬂ Search for 150 putely
" Dilepton mass >15 GeV and 0F Y Clomiven
" 1 3 . [ | Drell Yan+ets :
not within Z mass range ! _I_Tl Mo
For same flavor opposite charge payan , [ ImSUBRA ¢ |
leptons

" Less than 2 jets
" Significant £;

10"

Number of dimuon pairs / 8 GeV/ic

—
=
Faa

0 20 40 &0 BO 100120 140 160 180 200

Ivananl mass ol r|'r._' DA |:|:_-‘||_.~'-..|'|':_-“_:-
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Trileptons: Result

COF Run Il Preliminary

g M=100, M__=1B0. tanj=s, o>
= [hata

le:H =o7om’ Moo
BB GCiccson

W
o

Number of Events

Eventsi21 GaVi
[ ]

g8 f
S . CDF background e CDF data —
:_‘u -
a D0 background ® DO data " 20 40 B0 BO 00 120
< 6 Missing ransverse moamenturm (Galic)
R
W
"‘g 5 F °® - _ Search for x;xg—r_uw"ea'u
— Ed."'.-; | _|-_|:|-:—'.'4-s- ok = DATA
Z 4 [ ° o~ ) COF RUN | Preliminany || Drell ’1':;=.|"|+-.-
[ —_ = | | Drell Yan+jets
: % = 14 et [ [ Dicoson  «%
3 [ I E"_i_ E : | | mMEUGRA: _-,.:::.1;'_ i
:'-T- 1 *_T_' ,._\+='L -L.j‘ E - omass: 113 Gevic”
2 30— o o4 ® +_ r= L
=3t 0 ‘;: S 4 = @ ) |
[ _ o 3 T T 5 10
1 fe S e 3 7, & %= 5 ]
= L O O ) E
O - F |- - | - - E
0 2 4 6 3 10 12 = 102
analysis channel o 10 20 30 40 50 B0 7O BO

birssing Tranwerss Enasrgy [GeW)
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S )XBR(3 leptons) (pb)

Limits on the Chargino Mass

Scenario: slepton masses 100-120 GeV => BR to leptons high

Slepton masses high => No sensitivity yet
CDE Run 1 Preliminary: L=312.750 pb CDF Run 11 Preliminary: L=312-750 pb™" PRL 95 151805 (2005)

2.5 = - — .
. mSUGRA: tanf=3, >0, Ay=0, m=60 GeV = MSSM: tanP=3, P10, M(79)-M(xD~2M D =~ 0.7 e e -
2.95 H = lig {(no slepton mixing) 2 ., .0 A4 ]
P — Oy o¥BR 2 — Gy o~BR & . Searchfory,y,—~3+X D@, 320pb -
| B OpoXBR Uncertainty £ =] — Oy o<BR Uncertainty ~ 0.6 i + 0 0 0 -
2F 7 L £ > it ®w F MG )=Mo)=2M(Z); MO>M(,) .
- — 95% CL Upper Limit: observed f ) — 95% CL Upper Limit: observed o ", ()(1)" (XZ)"' Xah ) .)(2 n
s o 0 e 95% CL Upper Limit: expected | & 51 B 95% CL Upper Limit: expected % 0.5F o tanf=3, u>0, no slepton mixing 3
- [ Expected Limit + 1o 2 sl E [ Expected Limit £ 1o v B ", ]
L2 imit + 2 S ofr g imit + 2 C N
1.5 2 [ 1 Expected Limit + 2G };ﬁ' u,.:] [ ] Expected Limit + 2 c@ 0.4__ Observed I_.|m.|t 3
125 | 5 LG WS Expected Limit ]
£ - ~ - Tu, -
: 5 0.3F 5 E
1N B N\ e :
0.75 —‘ 02F 1 TR -
0.5 i— 0 1:_ lllll '_L
025 L ‘afge-mo =
j D_I | | I | | | | | L1 11 | L1 11 I T T T N O M o o e s
T I R B S EE ol e v v 100 105 110 115 120 125 130 135 140
100 110 120 130 140 15 100 110 120 130 140 150 Chargino Mass (GeV)
Chargino Mass (GeV/cz) Chargino Mass ( Ge\-’/cz) g

No slepton mixing:
= M()>127 GeV (CDF)
" M()>117 GeV (DQ)

Slepton mixing (stau dominates):

" Acceptance worse, no constraint
yet

| Probe values beyond LEP but very model dependent |

APS, 04/23/06 B. Heinemann 27



Assume %°; is NLSP:

~y

" Decay to G+y
" G light: m = 1 keV
" Inspired by CDF eeyy-lft/

event in Run |
SM exp.: 104
DO inclusive search with [Ldt=780 pb':
" 2 photons: E,> 25 GeV

= F/> 45 GeV
Exp. Obs. |mlx*)
DO 2.1+0.7 |4 >220 GeV

CDF result: m(y*,)>168 GeV with 200 pb'!

APS, 04/23/06

B. Heinemann
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R-parity violation

Wy :‘,\‘,,,..rcLiLjEk F N LiQiDy + A UD, Dy Ve

Search for R-parity violating
decay of LSP to leptons: | -

|
)\‘1211 }\‘122

" No bounds from proton

decay Coupling strong: g
" Enables neutrino oscillations " Prompt decay: t=0
Specifically: Coupling weak:
" Decay of lightest neutralino " Lifetime large: >0
into leptons Coupling very weak:
® Can happen in any SUSY " Lifetime large: ©»0 =>
process decay products not

observed in detectors

APS, 04/23/06 B. Heinemann 29



RPV: 4 prompt leptons

. }34,53— CDF Run Il Preliminary, 346 pl:l'1 I_E
2 Nevutralinos decay to ¢« DU
~ 355 oY +v =
2 leptons each: 2, Evenws 2
p gz'sé_ EIR::J\?SSOSSY(}\m) _2
" Final state contains 4 2 M =964 Gavi” 3
1.5 -
prompt leptons = e
0.5 _:
ReSUIt: R R s A )
3rd Lepton p; (GeVic)
. 4 Ieptons: O events Mg 20 CDFRunIIF'reliminary,346pt:|'1
2 N T My=250 Gevic?, tanp = 5,1 > 0
" 3 leptons: 6 events c Ousy .
= i ------ 95% CL expected limit
. e T ——— 95% CL observed limit
Constrain SUSY: PE o o .
o = o CDF Run Il Limit ~ J
S 122 - 2]
m M(Xi])>] 98.7 Gev : ;1mass>198.YGeWc:
" M(x%,)>108.4 GeV | e _'
E LEP Limit l DO Run i Limitl ? E

APS, 04/23/06 B. Heinciiawin
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RPV: Longlived Neutralino

Lifetime of neutralino could +— 3 X . Ty
7Y T
be large: J——i—3? < .
lf
® Several ns or even us
" l 5-20cm I U

" NuTeV Dimuon excess:

3 events observed

0.069+-0.010 expected n
DD searched for displaced

D@ Run Il Preliminary

. . —~ 10°
dimuon pairs g eV 99% Exclusion
)
" 0 events observed 2

LL M

" 0.75 expected

More sensitive than NuTeV
for this interpretation

0

) x BF(N

0
LL

0
LLN

G(pﬁa N

1
10-2 Tl é.‘.‘..n ‘5‘.‘..‘” ‘.l..u...\ ‘3‘...”” .Z.m..n .1‘.‘..‘.\ Lol ol 2||m|||| 3.‘...‘”\ ‘.l.m..n -
10°10°10°10°10°10 1 10 10°10° 10" 10
lifetime (10° s)

=
n
(@)
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Indirect Searches



[ | + —_—
Rare Decay: B.—uu
SM rate heavily suppressed: b MSSM ,
BR(B, — u*u)=(3.5+0.9)x10~

(Buchalla & Buras, Misiak & Urban)

SUSY rate may be enhanced:
BR(Bs — ptu™) o tan® 3/m?%
(Babu, Kolda: hep-ph/9909476+ many more)

Separate from huge background using
likelihood ratio:

" decay length

(7]

~ tan®

CDF

10 1
" B-meson isolation Background

1/N dN/dLr

. ° ° I
Pointing angle
CDF Preliminary: ~360pb™ ,
10° 4 n.ul;: 2.7M Triggers: 10 4.,

JPsi

BBbar

5 ; .
10 r‘—ﬁﬁ' 25):.100K Upsilon
10" {1 - -

Y(1S): 18K

-3
. I vies): 3.6k 10 5
10 (__MJHLJ"'. ¥(35):2.0K
5 i WMH‘“.WMMJ \"‘j\"lfl\\”‘w“’m T T T T T T T T
o f f . ha LN 0 0.2 0.4 0.6 0.8

6 2 3 3 8 oMo Sass(Gev)” Likelihood Ratio
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B.—>uu: Result and Future

Result:
" 1 event observed

" Backgrounds:
0.88+0.30 for (CMU-CMU)
0.39+0.21 for (CMU-CMX)

Branching Ratio Limits:
= CDF (780 pb):
BR(B->uu)<10 x 108 at 95%C.L.
" DD (300 pb):
BR(B->uu)<37 x 108 at 95%C.L.
Expect: BR<23 x 108 with 0.7 b’

Future:
" Tevatron will probe values of 2x10-

" LHC will probe SM with 300 fb!

APS, 04/23/06 B. Heinemauu
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Is Nature Supersymmetric?

" Not yet
No direct signs of SUSY yet

Tevatron bounds are getting stronger

" When will we know?
Tevatron will keep pushing limits or discover
LHC has excellent discovery potential

" But can likely not fully constrain the underlying theory=>ILC
" |f LHC cannot find it, it becomes much less likely!

If Nature is supersymmetric we will have a lot of
fun, measuring many particles and parameters to
find out how it works in detail!
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SUSY Particles

Particles R=1 R=(-1)3B*+2s  SParticles R=-1

V. V, V. neutrinos! sneutrinos V. V, V.
U C 1 = —
. =i MSSM

| gauge —
S=1 g particles |:|
]

S=1/2
G
MSSM has 124 parameters: ¥ SUSY is a
M,,M,, M;, Gaugino masses, Sfermion masses broken

tanf, u, m, Higgs(ino) mass/mixing
A A, A (+45 RPV) symmetry

APS, 0472306 B. Heimnemann 42



A Trilepton Candidate Event

APS, 04/23/06 B. Heinemann 43



R-parity:

to violate or not to violate

SUSY can violate or conserve R-parity:
" R=(-1)25+38L Wy = AnLily B+ N LiQs Dy + A/, UD; Dy
" R conserved: o | |

Sparticles produced in pairs
Lightest neutralino stable =>candidate for cold dark matter

Key signature: missing transverse energy

" R not conserved:
Sparticles can be produced singly or in pairs
No missing ET guaranteed
Full mass reconstruction possible
Could provide mechanism for neutrino mixing

/
Az’jk?

. N\ A\
Important parameter is the coupling Vijk: ijk
Typically allow just one coupling to be large

Avoid proton decay (focus on lepton couplings)

APS, 04/23/06 B. Heinemann
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Stopped Gluinos

- D@ Preliminary (L=350pb™)
10 __ Background
- ____ Signal [mG=4{J'D GeV, xs=0.62ph)
E u Data
1= 4 [ 23 +
: 1 1 | 1 1 1 1 | 1 |_| 1 I 1 1 1 1 | 1 1 1 1 |
100 200 300 400 500 600

Jetenergy (GeV)

D@ Preliminary (L=350pb™)

_5 Expected Limit

95% C.L. Cross-section Limit (pb)

i
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Tevatron: Future

Luminosity Per Year
g | A0mAshr | 25mAdhr | 20mAdhr | 15mAhr
Fiscal Year| (i) (" (o' (")
. Fyv03 0.33 0.33 033 0.33 .
© 0 0.34 0.34 034 0.34 /_ DES I gn
Fy s 061 0.E0 060 0.60
T FY 0B 087 0.70 067 063
Zr_; Fyoy 1.81 1.25 098 0.74
= 61 FY0s 1.9% 152 103 072
S Fy09 214 1.80 1.24 086 ——30mAfh
% n — amahr
o — 20mahr
< — 15mAhr
'{d gl .
%
S Recycler Only Base
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z
1 i
I’-‘ T T T 1
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Light Stop-Quark: Result

T ~0
Search for tt, (t, = cy,)

F —s— Data CDF Run Il Preliminary, 163 pb”

Chqrm Iets; _ J QcCD Multi-jet
" Use “jet probability” to tag charm: to [ WZHets Top, dloson e

[J t, (110 Gevic?), 7] (40 GeVic?) ]

Events

Probability of tracks originating from T
primary vertex

" Improves signal to background ratio:
Signal Efficiency: 30%
Background rejection: 92% 0

10

ra

i

P T I T T T T T N N N S
-2

&
&
A
&

-1 0
Log(Jet Probability)

Data consistent with background
estimate

Y

Search for tt, (t, - cy,)

> 6
8 F CDF Run Il Preliminary, 163 pb™
" Observed: 11 s
N . 8.3+2.3 i f «+ Data
Expected: 8.3%23 . § oo
Main background: £l Wizsiets, Top, diboson
. . - T4 t, (110 GeV/c®), 7; (40 GeVic’)
" Z+ i > wijj I ’
- 1
= Wi > wi 1
°:| ||_!_7_!_|_I_'—I_¢_Al_n||||||||||\
40 60 80 100 120 140 160 180_ 200

Missing E, (GeV)

APS, 04/23/06 B. Heinemann 47



SUSY and Cosm

ology Data

.]'nlll_.z

E i‘l«f.l,—- < ﬂffg

1< Qph? < 0.3

LY
AL E
rr__rl-l F
S « /4
N
{3:_
. :
- '\"'I;:h
. E

APS, 04/23/06

B. Heinemann

Consistent with

1 cosmology data
1 on dark matter
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Stop Quark: Result and Future

Due to slight excess in data:

g N Theory Cross Section (Prospino)

" No limit set on stop quark mass yet $0E area o
Future light stop reach : g o 959 L Unper it

" L=1fb': m(t)<160 GeV/c2 o

" |=4fb': mlf)<180 GeV/c2 i
LHC b ?M(;},“)=5o GeV

® Direct production will be tough to trigger - coFRuniPreiiminary, 163 pb”

=

" But to stop and top yields e io e w0 e
striking signature! o
Two W's, two b-quarks, two c-quarks and

~ B
_t—>c;1;

- Run 2 Projection
E 95/ C L. Exclusmn

If m(g)>m(t)+m(t]
4 - b

<<, S
W 50 -f_----- .......... ............ ........ ............ ........... - .....]:EE'!J.L."P.IE- =

& o ATy i AN Ay ————
o oo

CDF Run II Prellmmary

%040 "'50 80100 420 140 160 180 200 220
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